The major inducible trimethylamine oxide reductase was purified from Salmonella typhimurium LT2. The molecular weights of the native enzyme were estimated to be 332,000 by gel filtration and 170,000 by nondenaturing disc gel electrophoresis. In sodium dodecyl sulfate-gel electrophoresis, the enzyme formed a single band of molecular weight 84,000. 
The major inducible trimethylamine oxide reductase was purified from Salmonella typhimurium LT2. The molecular weights of the native enzyme were estimated to be 332,000 by gel filtration and 170,000 by nondenaturing disc gel electrophoresis. In sodium dodecyl sulfate-gel electrophoresis, the enzyme formed a single band of molecular weight 84,000. The Trimethylamine oxide (TMAO) can serve as an anaerobic electron acceptor for a number of bacteria, including Escherichia coli (6, 15, 17) , Salmonella typhimurium (7), and Proteus spp. (13, 14) . When grown anaerobically with TMAO, these organisms synthesize a TMAO reductase (TOR) which links the reduction of TMAO to the oxidation of NADH or formate (6, 11, 17) or lactate (15) and which facilitates oxidative phosphorylation (7, 13, 15) . Like nitrate reductase, TOR is absent in pleiotropic chlorate-resistant mutants defective in the molybdenum cofactor (3, 7, 15) . In S. typhimurium, TOR also shares important features with thiosulfate reductase as mutants selected for the inability to produce trimethylamine from TMAO, even when chlorate sensitive, typically lack the ability to produce hydrogen sulfide from thiosulfate as well (4, 8) .
An inducible TOR has been isolated from E. coli and purified (12) . In that study it was reported that extracts of E. coli contain four electrophoretically distinct TOR activities, three of which were induced by TMAO. Here we report a different purification procedure for an inducible TOR activity synthesized by S. typhimurium and a partial characterization of the purified enzyme.
Extracts of S. typhimurium LT2 grown under several different conditions were assayed for TOR activity (Table 1) and stained for TOR activity in electrophoretic gels ( Fig. 1) Table 1 ) was selected for purification of the major inducible TMAO reductase.
For enzyme purification, S. typhimurium LT2 was grown at 37°C to an optical density at 650 nm of 1.0 (3 to 4 h) in flasks filled to the top and inoculated with a 1:20 dilution of an overnight culture in the same medium. The enzyme was purified 76-fold with a 3% recovery ( Table 2 ). The purification procedure differed from that described by Shimokawa and Ishimoto (12) for the purification of TOR from E. coli in several respects. Polyethyleneimine was used to remove nucleic acids instead of DNase; DEAE-Sephacel and Sephacryl S-300 were used in place of DEAE-cellulose and DEAE-Sephadex, respectively; and most importantly, Bio-Gel A-5m column chromatography and chromatofocusing, rather than successive DEAE-Sephadex columns, constituted the major purification steps. With Bio-Gel A-5m, TOR activity was eluted in the last fractions, indicating that although this polymer is designed for gel filtration, the enzyme had interacted with it. Disc gel electrophoresis after step 6 (not shown) indicated that chromatofocusing had freed the enzyme of contaminating proteins still present after step 5. The apparent specific activity was actually decreased by step final purification step which resulted in a pH 7.3 preparation was used (step 7).
The purified TOR was shown to be homogeneous by disc gel electrophoresis ( Fig. 2A) . The protein band coincided exactly with the major activity stain (Fig. 2B ) which also coincided with the major activity band in the crude extract. However, the activity stain also revealed two additional minor bands, above and below the major band, respectively. The same picture was also found when polyacrylamide concentrations of 7.5 and 9.0% were used (not shown). When the relative mobilities of the three activity stains were plotted against gel concentration, three straight lines were obtained which met at about 2% acrylamide, suggesting that the three activities had similar charge densities but different molecular weights. The apparent molecular weights calculated from this plot were 94,000, 170,000, and 375,000, which may indicate that they are, respectively, monomer, dimer, and tetramer forms of the same enzyme.
Sodium dodecyl sulfate (SDS)-gel electrophoresis (Fig. 2C ) revealed one major band and two to three very faint minor bands. Spectral scanning of the SDS-gel indicated that the major band constituted more than 95% of the total protein. The Km of the major SDS-polyacrylamide gel electrophoresis (PAGE) band corresponded to a molecular weight of about 84,500. The molecular weight of the native enzyme was estimated to be 332,000 by Sephacryl S-300 gel filtration (1), suggesting that the native enzyme consisted offour identical subunits, although the major activity in the native PAGE stains appeared to be the dimeric form. These molecular weights differ significantly from those reported for the E. coli-inducible TOR which was estimated to have a native molecular weight of 22,000 and two subunit sizes of molecular weights 60,000 and 80,000 (12) .
The effect of pH on enzyme activity at 37°C was determined over the range 3.5 to 7.5. The optimum was 5.65. Studies of the effect of pH on enzyme stability revealed that the enzyme was stable in the pH range 6 to 8.5, with an apparent stability peak at pH 7.3. The effect of temperature on enzyme activity was determined by assaying the enzyme at different temperatures in 50 mM sodium acetate buffer, pH 5.65. The optimum was 45°C. The effect of temperature on enzyme stability was determined by assaying residual activity after 10 min of incubation at various temperatures in sodium phosphate buffer, pH 7.3. The enzyme was quite stable at temperatures below 75°C. At 80QC a rapid loss of activity was observed, and at temperatures above 90°C there was a complete loss of activity. The enzyme was quite stable when stored at 0°C in 50 mM sodium phosphate buffer, pH 7.3; 70% of the activity remained after 17 days of storage.
The Km for TMAO and Vmax values obtained from a Lineweaver-Burk plot were 0.89 mM and 1,163 U/mg of protein, respectively, at pH 5.65. 1 2 3 4 5 6 7 8 FIG. 1. TOR in extracts of S. typhimurium LT2 grown anaerobically with several different supplements. Protein quantities (45 ,ug) of supematants from sonicated cell preparations were subjected to electrophoresis, using the electrophoresis system of Gabriel (5). A stacking gel of 1.25% acrylamide, pH 8.3, and a separating gel of 7% acrylamide and 0.181% bisacrylamide, pH 9.5, were used. The electrolyte buffer, pH a Sodium phosphate buffer, pH 7.3, was used throughout the purification. Protein and enzyme activity were assayed as described in footnote c, Table 1 .
b A final concentration of 1% for 12 mg of protein per ml was used. Precipitated nucleic acids were removed by centrifugation at 16,000 x g for 10 min.
The precipitate obtained by 701% ammonium sulfate precipitation of the active fractions from step 4 was dissolved in the phosphate buffer, applied to a Bio-Gel A-Sm column (20 by 89 cm), and eluted with the same buffer. Bio-Gel A-Sm was obtained from Bio-Rad Laboratories.
d The active fraction from step 5 was equilibrated with 25 mM imidazole-HCl buffer, pH 7.4, by passing through a Pharnacia PD-10 column and then applied to a Polybuffer Exchanger column (0.9 by 15 cm) and eluted with 200 ml of Polybuffer 74, pH 4.0. The enzyme was eluted at pH 4.3. The chromatofocusing reagents were obtained from Pharmacia Fine Chemicals (Sweden).
Substrate specificity was examined by substituting TMAO with equal concentrations of other electron acceptors. The enzyme had significant activity with chlorate and very slight activity with nitrate, but no activity with nitrite, sulfite, or thiosulfate. The Km and Vmax for chlorate were determined to be 22 mM and 347 U/mg of protein, respectively. E. coli TOR was also A C D shown to reduce chlorate (12) , which suggests that in both organisms TOR may be involved in chlorate sensitivity. The lack of activity with thiosulfate supports the conclusion from other studies (8) on October 28, 2017 by guest http://jb.asm.org/ Downloaded from was eliminated by 1 mM Hg2' and 50% was eliminated by 0.1 mM Cu2+. The effects of copper and mercury were probably not specific, however, since in all tests the enzyme concentration was about 5 X 10-6 M (based on a molecular weight of 330,000), whereas the concentration of metal ion required for significant inhibition was much higher.
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